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Description

This invention relates to an encoder according to the preamble of claim 1, and particularly fo an
encoder for detecting the relative displacement of a diffraction grating and a light beam incident on the
diffraction grating by photoelectrically converting an interference light formed by causing several diffracted
lights emerging from the diffraction grating to interfere with one another.

A generic encoder is shown in the JP-A-61 65 115. This known encoder comprises optical means which
direct first and second lights which come from a light source and are diffracted from a first position towards
a second position. At the second position, the diffracted lights are again diffracted. The interference light
between the first and second rediffracted lights is used to detect a movement. However, the encoder
according to the JP-A-61 65 115 has the disadvantage that the design is very complicated and a sufficient
measurement accuracy can not be obtained.

The US-A-4 829 342 shows an encoder in which only one single position on a scale is used for
measuring. This encoder is therefore susceptible to error factors, such as eccentricity or inclination.

A further encoder is known from the GB-A-2 185 314. This encoder has been designed according to a
completely different principle. A first light is diffracted twice at a first position and a second light is
diffracted twice at a second position. These two lights which have been diffracted twice are interfered and
used for measurement. The first and the second position are not optically conjugate to each other.

Heretofore, in an NC machine tool or the like, an encoder has been used as a sensor for detecting the
position or the angular displacement of an object to be examined. In recent years, a high resolving power
and high accuracy have been required of encoders of this type.

An encoder of high resolving power and high accuracy in which a diffraction grating is used as an
optical type scale for displacement detection and the recording density of the diffraction grating is several
microns/pitch and several diffracted lights emerging from the diffraction grating are caused to interfere with
one another to thereby obtain a periodic signal conforming fo the displacement of the scale is already
known, but if for higher accuracy and higher resolving power, the recording density of the diffraction grating
is increased to the wavelength order, the angle of diffraction (the angle of emergence from the diffraction
grating) of the diffracted lights will become greater, and this gives rise to a problem that the arrangement of
optical parts become cumbersome.

For example, a prior-art encoder shown in Figure 13 of the accompanying drawings generates a signal
conforming to the displacement of a scale by an operation as will be described hereinafter.

A light beam from a laser diode 1 is collimated by a collimator lens 2 and is caused to be vertically
incident on a point P1 on a light reflecting type diffraction grating 5, and + 1st-order reflected diffracted light
(R1+) emerging from the point P1 is returned to a beam splitter 4 via a mirror 61 and at the same time,
-1st-order reflected diffracted light (R1-) emerging from the point P1 is returned to the beam splitter 4 via a
mirror 62, and t1st-order reflected diffracted lights are superposed one upon the other through the beam
splitter 4 and are caused to interfere with each other. By the principle that while the diffraction grating 5 is
moved by an amount corresponding to 1 grating pitch, the phase of the wave surface of *1st-order
diffracted light is "advanced by 2 = " and the phase of the wave surface of -1st-order diffracted light is
"delayed by 2 = ", a variation in light and shade of two periods is observed by a light receiving element S
in conformity with the movement by 1 grating pitch by virtue of an interference light formed by causing the
two lights to interfere with each other. That is, a periodic signal double the number of the gratings of the
diffraction grating 5 can be taken out.

However, as previously described, the finer becomes the recording density (pitch) of the diffraction
grating 5, the greater becomes the angle of diffraction of the diffracted light and therefore, the angle of
emergence of the diffracted light emerging from the diffraction grating 5 becomes approximate to 90°.
Accordingly, mirrors 61 and 62 must be installed proximate to the diffraction grating 5 so as not o be in
contact with the diffraction grating 5, and such installation is very cumbersome. Further, if the grating pitch
of the diffraction grating 5 is made less than the wavelength of the light beam from the laser diode 1, the
diffracted light cannot be taken out and it becomes impossible even to detect any variation in the diffraction
grating 5.

A linear encoder and a rotary encoder are known as the above-described encoder, and a conventional
example of the rotary encoder will hereinafter be described. The rotary encoder is such that a diffraction
grating is provided on the circumference of a disk (scale) connected to a rotational body, a laser light is
applied to the diffraction grating, diffracted lights produced by the diffraction grating are caused tfo interfere
with each other, and a variation in the light and shade of the interference light is detected to thereby detect
the angle of rotation and the speed of rotation of the disk.
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Figures 14A and 14B of the accompanying drawings show the construction of a prior-art rotary encoder
described in Japanese Laid-Open Patent Application No. 63-91515 (=EP-A-0262349). In these figures, the
reference numeral 1 designates a laser, the reference numeral 2 denotes a scale having a light fransmitting
type diffraction grating, the reference numeral 3 designates a reflecting prism, the reference numeral 4
denotes a polarizing prism, the reference numerals 51 and 52 designate light receiving elements, and the
reference numeral 6 denotes the rotary shaft of the scale 2. In Figure 14, a light beam emitted from the
laser 1 is substantially vertically incident on a position M1 on the diffraction grating 2. *1st-order diffracted
lights created at the position M1 are reflected in the direction of right angle by a first right-angled reflecting
surface 3a of the reflecting prism 3, and are totally reflected twice by the sides 3¢ and 3d of the reflecting
prism 3, and thereafter are again reflected in the direction of right angle by a second right-angled reflecting
surface 3b of the reflecting prism 3 and are caused to be incident on a position M2 on the diffraction grating
2. Figure 14B illustrates the optical path in the reflecting prism 3, and is a plan view as it is seen from the
underside of Figure 14A. As shown in Figure 14B, *1st-order diffracted lights created at the position M1
emerge at angles of diffraction « + and a-, respectively, and are totally reflected by the sides 3c and 3d of
the reflecting prism 3. They intersect each other near the center of the reflecting prism 3, and are further
fotally reflected by the sides 3¢ and 3d, and are incident on a position M2 on the diffraction grating 2 at the
same angles as the aforementioned angles of diffraction a + and a-. Thereupon, the t1st-order rediffracted
lights at the position M2 are superposed one upon the other in parallelism to and in the opposite direction
fo the incident light from the laser 1 at the position M1, and emerge from the diffraction grating 2. These
+{st-order rediffracted lights which have interfered with each other are received by the light receiving
elements 51 and 52 through the polarizing prism 4. The +1st-order diffracted lights have their phases varied
by *27 when the diffraction grating 2 is rotated by an amount of 1 grating pitch. Likewise, the *1st-order
rediffracted lights have their phases varied by *4x for the rotation by 1 grating pitch. Accordingly, when as
shown in Figure 14, the *1st-order rediffracted lights are caused to interfere with each other, a sine wave
signal corresponding to four periods is obtained from the light receiving elements 51 and 52 for the rotation
of the scale 2 by an amount corresponding to 1 grating pitch. If the total number of the gratings is N, a sine
wave signal corresponding to 4N periods is obtained for one full rotation. In Figure 14, M1 and M2 are in a
positional relation point-symmetrical with each other with respect to the center of rotation of the rotary shaft
6, whereby no measurement error will occur even if there is some eccentricity during the mounting of the
scale 2 onto the rotary shaft 6. Further, from the light receiving elements 51 and 52, 90° phase difference
signals are obtained by a combination of the rectilinearly polarized light of the laser 1, the elliptically
polarized light by the total reflection in the reflecting prism 3 and the polarizing prism 4 so that the direction
of rotation of the diffraction grating 2 can also be discriminated.

In the example of the prior art constructed as described above, the problem as previously described
arises if the pitch of the grating is made fine. In addition to this, the following problems also arise:

(1) The x1st-order diffracted lights which are caused to interfere with each other pass along discrete
optical paths in the reflecting prism 3. Therefore, the optical path is made to deviate or the length of the
optical path is varied by an environmental change such as a change in the ambient temperature and a
measurement error is liable to occur. Particularly, the greater becomes the diameter of the scale 2, the
longer becomes the optical path in the reflecting prism 3, i.e., the non-common optical path, and an error
is more liable to occur. Also, if the oscillation wavelength of the laser varies for such an environmental
change, the optical paths of £1st-order diffracted lights will vary and the *1st-order diffracted light will not
be incident on the position M2.

(2) If the diffraction grating forming surface of the scale 2 is inclined relative to the rotary shaft 6, the
diffracted lights created at M1 will not be again incident on M2 and therefore, a measurement error will
occur under the influence of the aforementioned eccentricity.

It is the object of the present invention to further develop an encoder according to the preamble of
claim 1 so as to ensure high accuracy and simple design, in which a measurement error due to
environmental change can hardly occur.

This object is achieved by the features indicated in the characterizing portion of claim 1.

Advantageous further developments are set out in the dependent claims.

According fo the present invention the above-noted problems peculiar to the prior art are eliminated and
an encoder of high accuracy is provided in which it is difficult for a measurement error attributable to an
environmental change or the inclination of a scale or the like to occur.

Furthermore an encoder is provided in which optical arrangement is easy and which is simple in
construction.

Figure 1 is a schematic view showing an embodiment of the present invention.
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Figure 2 is a perspective view showing an embodiment in which the present invention is applied fo a
rotary encoder.

Figures 3 to 7 illustrate the manner of optical path correction when there is the mounting error of the
rotary disk plate of the rotary encoder of a first embodiment.

Figures 8 and 9 show modifications of the embodiments of Figures 1 and 2.

Figure 10 shows an example in which the encoder of the present invention is applied to a driving
system.

Figure 11 shows an example in which the encoder of the present invention is utilized in a track signal
writing device for a hard magnetic disk.

Figures 12A and 12B illustrate the manner in which the * signs of the orders of diffracted lights are
given.

Figures 13, 14A and 148B illustrate an example of the encoder according to the prior art.

Some embodiments of the present invention will hereinafter be described with reference to the
drawings.

In Figure 1, the reference numeral 1 designates a light source comprising a laser diode, the reference
numeral 2 denotes a collimator lens, the reference numeral 4 designates a beam splitter, the reference
numeral 5 denotes a diffraction grating having a pitch P formed on a linear scale or a rotary scale, the
reference numerals 61 and 62 designate mirrors, the reference numeral 7 denotes quarter wavelength
plates, the reference numeral 9 designates a non-polarizing beam splitter, the reference numerals 10 and 11
denote polarizing elements (such as polarizing plates or polarizing beam splitters), and the reference
characters S1 and S2 designate light receiving elements. A laser beam of wavelength X\ emitted from the
light source 1 is collimated by the collimator lens 2, and the parallel light beam is caused to enter the
polarizing beam splitter 4, whereby it is divided into two light beams R1 and R2 whose polarization
azimuths are orthogonal to each other. The light beam R1 is an S-polarized light reflected by the polarizing
beam splitter 4, and the light beam R2 is a P-polarized light transmitted through the polarizing beam splitter
4. The light beam R1 fravels along an optical path L1 formed via the mirror 61, and the light beam R2
fravels along an optical path L2 formed via the mirror 62. The light beams R1 and R2 pass through the
quarter wavelength plates 7, whereafter they are incident on a point P1 on the diffraction grating 5 at an
angle of incidence 6o [ =sin™'( A /2P)] , and light beams Ry and R: are obtained by being reflected and
diffracted by the diffraction grating 5. The +1st-order diffracted light (R1+) of the light beam R1 and the
-1st-order diffracted light (R2-) of the light beam R2 fravel toward the original optical paths L1 and L2,
respectively, through the quarter wavelength plates 7. The +1st-order diffracted light fravelling reversely
along an optical path L1 and the -1st-order diffracted light travelling reversely along an optical path L2 are
reflected by the mirrors 61 and 62, respectively, and are directed to the polarizing beam splitter 4, and are
again superposed one upon the other by the polarizing beam splitter 4. The + 1st-order diffracted light is
made into a P-polarized light by the action of the quarter wavelength plate 7 and the -1st-order diffracted
light is made into an S-polarized light by the action of the quarter wavelength plate 7 and therefore, these
light beams emerge from the polarizing beam splitter 4 while overlapping with each other, without any loss.
The overlapping two light beams pass through the quarter wavelength plate 7 and become circularly
polarized lights whose planes of polarization rotate in opposite directions to each other and therefore, the
polarized state of a light beam comprising a complex of these circularly polarized lights rotating in opposite
directions to each other is rectilinear polarization. The azimuth of polarization of this light beam is
determined by the phase difference between the wave surfaces of the light beam (R1+) and light beam
(R2-) which vary in conformity with the displacement of the diffraction grating 5, and while the phase
difference varies 10 0, 1/4 = , 2/4= , 3/4n , 4/4n , 5/4= , ..., 8/4n , the azimuth of polarization of this
rectilinearly polarized light beam rotates by 45°, 67.5°, 90°, 1125°, 135°, 157.5°, ..., 225° (45°). So, if
after this light beam is divided into two light beams equal in quantity of light by the non-polarizing beam
splitter 9, only a particular polarized component is separated and taken out from one of the two light beams
by the use of the polarizing element 10 and is caused to enter the light receiving element S1, and only a
particular polarized component is separated and taken out from the other light beam by the use of the
polarizing element 11 and is caused to enter the light receiving element S2, periodic signals are output from
the light receiving elements S1 and S2, respectively, in conformity with the displacement of the scale. Here,
if the azimuths of the polarized components taken out by the use of the polarizing elements 10 and 11 are
made to deviate by 45° from each other, the timings of the variation in light and shade of the interference
lights entering the light receiving elements S1 and S2 deviate by 1/4 period (1/2 = in terms of the phase of
the output signal) from each other. Accordingly, by electrically amplifying and binarizing these periodic
signals of two phases which are 90° out of phase with each other, the amount of displacement and the
direction of displacement of the diffraction grating 5 can be detected. This detection method is a well-known
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technique and therefore need not be specifically described herein.

According to the present encoder, even if the pitch of the diffraction grating 5 becomes equal to the
wavelength \ of the light beam from the light source 1, the angle of incidence of the light beams R1 and R2
becomes 6o = 30° and the angle of emergence of the *1st-order diffracted lights (R1 +, R2-) becomes the
angle of emergence =30 °, and the x1st-order diffracted lights for forming an interference light can be easily
taken out. Also, the construction of the optical system is very simple.

Referring to Figure 2 which is a perspective view showing an embodiment in which the present
invention is applied to a rotary encoder, the reference numeral 1 designates a light source comprising a
laser diode, the reference numeral 2 denotes a collimator lens, the reference numerals 31 and 32 designate
prisms, the reference numerals 41 and 42 denote polarizing beam splitter surfaces in the prisms 31 and 32,
the reference numeral 5 designates a rotary disk plate (diffraction grating), the reference numerals 63, 64,
65 and 66 denote mirrors, the reference numerals 71, 72 and 73 designate quarter wavelength plates, the
reference numeral 8 denotes a half wavelength plate, the reference numeral 9 designates a non-polarizing
beam splitter, the reference numerals 10 and 11 denote polarizing elements (for example, polarizing plates
or polarizing prisms), and the reference characters S1 and S2 designate light receiving elements.

A laser beam of wavelength X\ emitted from the light source 1 is collimated by the collimator lens 2, and
the parallel light beam is caused to enter the prism 31 and is divided into two light beams R1 and R2
travelling along symmetrical optical paths L1 and L2 by the mirror surface or the polarizing beam splitter
surface 41 provided at a predetermined location in the prism 31, and the respective light beams R1 and R2
are reflected by the mirror 63 and are caused to pass through the quarter wavelength plate 71, and then are
caused to be incident at a time on a first point (P1) on the radial diffraction grating of grating pitch P
provided on the rotary disk plate 5. Here, as in Figure 1, the angle of incidence 6o of the light beams R1
and R2 are preset to 00 = sin™'( NM/2P) so that of a plurality of diffracted lights diffracted by the diffraction
grating and emerging from the point P1, the +1st-order reflected diffracted light of the light beam R1 and
the -1st-order reflected diffracted light by the light beam R2 may emerge in directions in which they fravel
reversely along the original optical paths L1 and L2, respectively. Also, the light beams R1 and R2 become
rectilinearly polarized light whose planes of polarization are orthogonal to each other at a point of time
whereat they have been divided by the polarizing beam splitter surface 41, but the planes of polarization of
the light beams R1 and R2 replace each other by reciprocally passing through the quarter wavelength plate
71. The action of this quarter wavelength plate 71 is similar to that of the two quarter wavelength plates 7 in
the embodiment of Figure 1, and since the light beam R1 is a recitilinearly polarized light (P-polarized light)
fransmitted through the polarizing beam splitter surface 41, the + 1st-order diffracted light (R1 +) of the light
beam R1 becomes an S-polarized light through the quarter wavelength plate 71, is reflected by the
polarizing beam splitter surface 41 and emerges from the prism 31. Since the light beam R2 is a
rectilinearly polarized light (S-polarized light) reflected by the polarizing beam splitter surface, the -1st-order
diffracted light (R2-) of the light beam R2 becomes a P-polarized light through the quarter wavelength plate
71, and is transmitted through the polarizing beam splitter surface 41 and emerges from the prism 31 while
overlapping with the light beam (R1+). The + 1st-order diffracted light (R1+) of the light beam R1 and the
-1st-order diffracted light (R2-) of the light beam R2 are transmitted by the mirrors 64 and 65 of the prism 3
while overlapping with each other, are transmitted through the half wavelength plate 8 and enter the prism
32. The light beam (R1 +) is caused to fravel along an optical path L3 and the light beam (R2-) is caused to
travel along an optical path L4, by the mirror surface or the polarizing beam splitter surface 42 provided at a
predetermined location in the prism 32, and these light beams are reflected by the mirror 66 and are
caused to pass through the quarter wavelength plate 72, whereafter they are caused to be incident at an
angle 6o on a second point (P2) on the radial diffraction grating provided on the rotary disk plate 5. Here,
the half wavelength plate 8 converts the plane of polarization of the +1st-order diffracted light (R1+) from
S-polarized light into P-polarized lights and converts the plane of polarization of the -1st-order diffracted
light (R2-) from P-polarized light into S-polarized light. Also, the points P1 and P2 are set to a positional
relation point-symmetrical with respect to the axis of rotation O of the rotary disk plate 5. Of a plurality of
reflected diffracted lights reflected and diffracted by the diffraction grating and emerging from the point P2,
the + 1st-order rediffracted light (R1 + +) of the light beam (R1 +) fravels reversely along the original optical
path L3, again passes through the quarter wavelength plate 72, becomes an S-polarized light, is reflected
by the polarizing beam splitter surface 42 in the prism 32 and emerges from the prism 32. On the other
hand, the -1st-order rediffracted light (R2--) of the light beam (R2-) travels reversely along the original
optical path L4, is again transmitted through the quarter wavelength plate 72, becomes a P-polarized light,
is transmitted through the polarizing beam splitter surface 42 in the prism 32, overlaps with the + 1st-order
rediffracted light (R1+ +) and emerges from the prism 32. The two light beams which have overlapped with
each other pass through the quarter wavelength plate 73, whereby they become circularly polarized lights
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whose planes of polarization rotate in opposite directions and therefore, the polarized state of a light beam
comprising a complex of these circularly polarized lights which rotate in opposite directions becomes
rectilinear polarization. The azimuth of polarization of this rectilinearly polarized light beam is determined by
the phase difference between the wave surfaces of the +1st-order rediffracted light (R+ +) and the -1st-
order rediffracted light (R2--) varying in conformity with the rotation of the rotary disk plate 5, and while the
phase difference varies t0 0, #/4, 2 #/4, 3 #/4, 4 =/4, 5 =/4, ..., 8 =/4, the azimuth of polarization of the
rectilinearly polarized light beam rotates by 45°, 67.5°, 90°, 1125°, 135°, 157.5°, ..., 225° (45°). So, if
after this light beam is divided into two light beams equal in quantity amount by the non-polarizing beam
splitter 9, only a particular polarized component of one of the two light beams is separated and taken out by
the use of the polarizing element 10 and is caused to enter the light receiving element S1 and only a
particular polarized component of the other light beam is separated and taken out by the use of the
polarizing element 11 and is caused to enter the light receiving element S2, periodic signals conforming to
the amount of rotation of the rotary disk plate 5 are output from the light receiving elements S1 and S2,
respectively. Here, if the polarized components taken out by the use of the polarizing elements 10 and 11
are caused to deviate by 45° from each other, the timings of the variation in the light and shade of the
interference lights entering the light receiving elements S1 and S2 deviate by a quarter period ( #/2 in terms
of the phase of the output signal) from each other. Accordingly. if as in the embodiment of Figure 1, these
two-phase periodic signals which are 90° out of phase with each other are amplified and binarized, the
angle of rotation and the direction of rotation of the rotary disk plate 5 can be detected.

In the rotary encoder of the present embodiment shown in Figure 2, the optical path L1 when the light
beam R1 enters the diffraction grating and the optical path along which the + 1st-order reflected diffracted
light R1+ of the light beam R1 emerges and travels are set substantially equally and the optical path L2
when the light beam R2 enters the diffraction grating and the optical path along which the -1st-order
reflected diffracted light R2- of the light beam R2 emerges and travels are set substantially equally, and this
condition is also satisfied with respect to the optical paths L3 and L4 of the t1st-order reflected diffracted
lights and the optical paths of the z1st-order rediffracted lights and therefore, even if the grating pitch P of
the radial diffraction grating of the rotary disk plate 5 becomes the same degree of small value as the
wavelength N\ of the light beam from the light source 1, the angles of incidence of the light beams R1 and
R2 on the points M1 and M2 and the angles of emergence of the *1st-order diffracted lights and the *1st-
order rediffracted lights can be of the order of 30 °. Accordingly, it is difficult for the problem that as in the
prior-art encoder, the fine grating pitch P makes it difficult to take out the diffracted light to arise, and an
encoder of high resolving power is constructed.

Also, in the present embodiment, the lens 12, the lens 13, the mirror 61 and the mirror 62 provided in
the optical path in which the +1st-order diffracted light R1+ and the -1st-order diffracted light R2-overlap
with each other, i.e., the common optical path of the two light beams which links the polarizing beam splitter
surfaces 41 and 42 together, are disposed so as to satisfy the following conditions.

First, the finite area centered about the point M1 on the rotary disk plate 5 is imaged on the finite area
centered about the point M3 by the lens 12, and further the finite area centered about the point M3 is
imaged on the finite area centered about the point M2 on the disk plate 5 by the lens 13. By this condition,
a light beam emerging from the point M1 at any angle can be made to be incident on the point M2 without
fail unless it is intercepted on the way. That is, in the present embodiment the point M1 and the point M2
are made optically conjugate with each other by an optical system having the lens 12, the lens 13, the
mirror 61 and the mirror 62. Thereby, the deterioration of measurement accuracy is prevented.

Next, the other reflecting surfaces such as the mirror 64, the mirror 65 and the mirrors 63 and 66 are
disposed so that when the optical path of the diffracted light (R1 +) emerging from the point M1 deviates by
an angle A 615 (the angles Agxys and Adyss when the light beam is decomposed into x and y components)
from the optical path L1 and the diffracted light travels along an optical path L5 differing from the optical
path L1, the light may enter with the angle of incidence of an optical path L7 entering the point M2 deviating
by - Agxys and - Afyss as compared with the preset optical path L3. This also holds true of the diffracted
light (R2-). By this condition, the azimuths of emergence of the +1st-order rediffracted lights emerging from
the point M2 become constant irrespective of the position or posture of the rotary disk plate 5, and the
optical paths of the x1st-order rediffracted lights overlapping with each other in the polarizing beam splitter
42 become always parallel to each other and therefore, a signal obtained by photoelectrically converting the
interference light resulting from the overlapping of the *1st-order rediffracted lights (R1+ +) and (R2--)
becomes stable.

This will be verified below.

The deviation of the optical path when the axis of rotation O (the center of rotation) of the rotary disk
plate 5 and the center of the radial diffraction grating deviate by Ar from each other will first be described
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with reference to Figures 3 and 4. The center of the radial diffraction grating on the rotary disk plate 5
moves around the axis of rotation O with the rotation of the rotary disk plate 5, and the pitch of the
diffraction grating at the point M1 fluctuates periodically. When as shown in Figure 2, the center of the
radial grating is at a point a, the pitch of the diffraction grating at the point M1 becomes finer by Ap. (=2 =
Ar/N, N being the number of radial diffraction gratings) and the pitch of the diffraction grating at the point
M2 becomes thicker by Ap and therefore, the +1st-order diffracted light (R1+) of the light beam R1
emerging from the point M1 and the -1st-order diffracted light (R2-) of the light beam R2 have their angles
of emergence relative to the rotary disk plate 5 becoming angles of emergence 65 and 6s greater by A6x
than the angles of incidence 61 and 62 (61 = 62 = 6o) of the optical paths L1 and L2, and travel along an
optical path L5 or L6 deviating from the optical path L1 or L2 and return to the prism 31. Each light beam
emerges from the prism 31 and enters a position deviation from the center (the optic axis) of the lens 12,
but fravels toward the point M3 by the action of the lens 12. The *1st-order diffracted lights (R1 + and R2-)
which have passed the point M3 pass through a half wavelength plate 8 (not shown), whereafter they have
their travel paths bent by the lens 13 and travel along optical paths L7 and L8 via the prism 32, and enters
the point M2 at angles of incidence 67 and 6s smaller by Agx than 63 and 64 (83 = 64 = 6o). Since the
pitch of the diffraction grating at the point M2 is thicker by Ap, for example, the angle of emergence ¢ + +
of the + 1st-order diffracted light (R1+ +) of the light beam (R1 +) is

6+ + =sin"'{Mp + Ap)-sing;},
and when

65 = sin~'{ M(p - Ap)-sing1}
07 = 201 - 65

are substituted for 9 + +,

sine™ " = A/(p + A p)

—sin[zel—sin_l {M(p -4 p)—sinGl}]

A/(p + Ap)-sin 2sin”Y( y/2p)

_sin Y {A/(p - Ap)- A/2D}]

A/(p + AP)
-[2(x/2p) -{x /(p -AP)- A/2P}]

= A/2p,

thatiso+ + = 61 = 63
and thus, the azimuth of travel (the direction of emergence) of the +1st-order rediffracted light (R1+ +)
emerging from the point M2 is kept constant. The azimuth of travel (the direction of emergence) of the -1st-
order rediffracted light (R2--) is also kept constant for the same reason.

Next, when as shown in Figure 4, the center of the radial diffraction grating is at a point b, the
parameters 61 and ¢1 of the incident light beam in the coordinates system (i, r, z) (see Figure 5) are

81 = 0o
$1 = 0,

but the azimuth of arrangement (the t axis) of the diffraction grating at the point M1 deviates by tan™" ( Ar/r)
in terms of angle and becomes the 11 axis and therefore, the relation between the light beam R1 incident on
the diffraction grating and the diffraction grating is as shown in Figures 5A and 5B. In Figures 5A and 5B,
811 represents the angle of incidence of the light beam onto the rotary disk plate 5, and ¢11 [ =tan™'( A
r/r)] represents the angle with respect to the azimuth of arrangement (the t1 axis) of the diffraction grating.
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Also, when the z; axis and the r1 axis are determined as shown in Figure 5 and the angles formed between
the optical path L1 of the incident light beam and the coordinates axis are defined as a11, 811 and y11,

COS a11 = SiNfG11+COSP11 (1)

COS B11 = SinB11+Sing11 (2)
yi1 = 611 = 61, (3)

So, these equations may be substituted for the following equations for finding the azimuth of emergence of
the nth-order diffracted light in the coordinates system (t1, r1, 1), and further,

612 = cos™{ (1-cos? a12 - cos? B12)'2}

-1
¢12 tan " (cos 812/C°S alz)

-1
tan ~(cos Blz/cos alz) + 180

(a 5, >90)
= 90 (ay,< 90,8, =0)
= -90 ( a12 > 90: 812 = O)

may be calculated. Here, when A r is sufficiently small as compared with r and the angle of incidence of the
light beam R1 at the point M1 is 8o [=sin™" X «N/(2 #r)], it can be immediately found by calculation that the
parameters 65 and ¢s of the azimuth of emergence of the diffracted light (R1%) in the coordinates system (t,
¥, Z) are

0s = 612 = 01
Ps = ¢p12 = -2 P11

and therefore, the angle formed with respect to the t axis when as shown in Figure 3, the optical path L5 of
the + 1st-order diffracted light (R1 +) of the light beam R1 is projected onto the surface of the disk deviates
by -2« ¢11, and when that light beam is incident on the point M2, the angle formed with respect to the t
axis when the optical path L7 of the incident light beam is projected onto the grating arrangement surface
(the t - r plane) of the rotary disk plate 5 deviates by -2+ ¢11 due to a combination of the lens 12, the lens
13, the mirror 64, the mirror 65 and other reflecting surfaces and thus, the angle formed with respect to the
t axis when the +1st-order diffracted light (R1+ +) of that light beam is projected onto the grating
arrangement surface of the rotary disk plate is restored to 0. That is, it completely coincides with the optical
path L3. The optical path of the -1st-order diffracted light (R2--) emerging from the point M2 after the -1st-
order diffracted light (R2-) of the light beam R2 emerges from the point M1 and is incident on the point M2
also completely coincides with the optical path L4 for a similar reason.

The manner of correction of the optical path when the axis of rotation O of the rotary disk plate and a
normal to the grating arrangement surface of 5 the rotary disk plate 5 are inclined by A ¢ relative to each
other will now be described with reference to Figures 6 and 7. The angle of incidence and the azimuth of
incidence of the light beam R1 onto the rotary disk plate 5 fluctuate with the rotation of the rotary disk plate
5 and therefore, the angle of emergence 65 and the azimuth of emergence ¢s of the + 1st-order diffracted
light (R1+) emerging from the point M2 also fluctuate. When as shown, for example, in Figure 6, the
normal to the rotary disk plate 5 is at a position ¢, the parameters 61 and ¢ of the incident light beam R1
in the coordinates system (i, r, z) are

61 = fo,
¢1 = 0,
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but the values of the angle a11 formed between the optical path L1 and the coordinates axis t1, the angle
811 formed between the optical path L1 and the coordinates axis r1 and the angle y11 formed between the
optical path L1 and the coordinates axis z1 are

arr = 90 - 64 (1)

COs B11 = Sin ai1+Sin A¢ (12)
COS y11 = Sin a11+C0S A¢ (13)
and therefore, the parameters of the incident light beam in the coordinates system (t1, r1 , z1) are

cos ~'(sin a11 *cOS Af)
tan~"(cos B11/c0S a11).

611
11

Here, assuming that the center of deflection is at the center of the rotary disk plate 5, the position of
incidence of the light beam R1 onto the rotary disk plate 5 is a point M11 deviating by Ax [=retan
Atetangq] and AY [ =r(1/cosA¢ - 1)] and the position of incidence of the light beam R2 is a point M12
deviating by - Ax and Ay and therefore, the parameters of the incident light beam in the coordinates system
(t2, r2, z2) centered about the point of incidence M11 of the light beam R1 are

612 = 011
$12 = ¢r1-tan™! {AX/(Ay + 1)}

and the values of the angle a12 formed with respect to the coordinates axis t2, the angle 812 formed with
respect to the coordinates axis r> and the angle y12 formed with respect to the coordinates axis z2> are

COS ai2 = SiNB12°COS ¢12
€OoS B12 = Sinfiz2+sin ¢12
yi2 = O12

and therefore, by substituting the following equations for finding the azimuths of emergence a13, 813 and
v13 of the +1st-order diffracted light in the coordinates system (iz, rz, z2):

sin(90 - a12) + sin(90 - a13) = + 1« Ny
B1z *+ B1z = 180
viz = cos™ {(1 - cos? a13 - cos? B13)'2 }

for these, a13, B13 and y13 may be calculated. Here, when A¢ is approximate to 0 and the angle of
incidence of the light beam R1 at the point M1 is designed at 6o [ =sin™'"{\ +N/2 7 r) } ], a13, B13 and
v13 may be corrected to parameters a14, 814 and y14 as follows:

a14e = a3
COS B1a = COS A¢ecos 813 - Sin A$+COS v13

COS y14 = 8iN Af+COS B13 + COS A{+COS v13,

and may be corrected to 65 and ¢s as follows:
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Q = Yl4

-1
¢5 = tan ~(cos 814/cos a )

14

( OLl4 < 90)

-1
tan ~(cos 814/cos<xl4) + 180

(a., > 90)

14
= 90 (aq, = 90, B4 < 90)
= —90 ( al4 = 90, 814 > 90).

Calculating these, as shown in Figure 6, the angle formed with respect to the t axis when the optical path L5
of the + 1st-order diffracted light (R1+) of the light beam R1 is projected onto the grating arrangement
surface of the rotary disk plate 5 deviates by ¢s, and when that light beam is incident on a point M21, the
angle formed with respect to the t axis when the optical path L7 of the incident light beam is projected onto
the grating arrangement surface of the rotary disk plate 5 also becomes ¢7 = ¢s due to a combination of
the lens 12, the lens 13, the mirror 64, the mirror 65 and other reflecting surfaces and therefore, the angle
formed with respect fo the t axis when the +1st-order diffracted light (R1+ +) of that light beam is
projected onto the surface of the disk is restored to 0. That is, the azimuth of travel (the direction of
emergence) of the +1st order diffracted light (R1+ +) emerging from the point M21 becomes parallel to
the optical path L3. Likewise, the optical path of the -1st-order diffracted light (R2--) which emerges from a
point M22 after the -1st-order diffracted light (R2-) of the light beam R2 emerges from the point M12 and is
incident on the point M22 becomes parallel to the optical path L4.

Next, when the normal to the rotary disk plate 5 is at a position d, the parameters 6; and ¢1 of the
incident light beam in the coordinates system (x, y, z) are

81 = 0o
$1 = 0,

but the values of the angle a11 formed between the optical path L1 and the coordinates axis t1, the angle
811 formed between the optical path L1 and the coordinates axis r1 and the angle y11 formed between the
optical path L1 and the coordinates axis z1 are

a1 = 90 -6 + A¢
B11 = 90
yi1 = 61 - At

and therefore, the parameters of the incident light beam in the coordinates system (i1, r1, z1) are

811 = 61 - A¢
¢11 = 0.

Assuming here that the center of deflection is at the center of the rotary disk plate 5, the position of
incidence of the light beam R1 onto the rotary disk plate 5 is coincident with M1 and therefore, the
azimuths of emergence 612 and g2 of the + 1st-order diffracted light (R1 +) of the light beam R1 are

sing11 + sinfi2 = +1«\/P
¢12 = 0,

that is,
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0 = sin_l(+l- A/P-sin@

12 11!

sin 1 {2-sing, - sin(e, - %)}

= Ql + AE

and therefore, the azimuths of emergence 65 and ¢s in the coordinates system (i, r, z) are

©
It

5 = 81, * 48

90 + 2° AL

¢s = 0.
Likewise, the azimuths of emergence of the -1st-order diffracted light of the light beam R2 are

G0 - 2« A%
0.

s
o1

Due to a combination of the lens 12, the lens 13, the mirror 64, the mirror 65 and other reflecting surfaces,
the azimuths of incidence 67 and ¢7 of the optical path L7 of the light beam (R1 +) incident on the point M2
are

87 = Os
¢7 =0

and the azimuths of incidence in the coordinates system (iz, r3, z3) are

07 + At -6 + 3¢ A
0

013
b13

and therefore, calculating the azimuths of emergence 614 and ¢14 of the 1st-order diffracted light (R1 + +)
emerging from M2 by the use of a calculation equation for the angle of diffraction,

O14
d14

90 + A¢
0

and since the azimuths of emergence 6 + + and ¢ + + in the coordinates system (i, r, z) are

g+ +
¢+ +

93 = 0o
0,

they completely coincides with the optical path L3. By a similar calculation, the azimuths of emergence of
the -1st-order diffracted light (R2--) emerging from the point M2 after the -1st-order diffracted light (R2-) is
incident on the point M2 are

9-- = 8¢
¢ = 0

and completely coincide with the optical path L4.

Thus, even if there is an error of the mounted position of the rotary disk plate 5 or a variation in the
oscillation wavelength of the light source 1 and the travel path of the diffracted light emerging from the first
position (M1) on the rotary disk plate 5 deviates, the second position (M2) on the rotary disk plate 5 on
which the diffracted light is again incident does not fluctuate owing to the optical system (12, 13, 64, 65) of
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the present invention and therefore, the deterioration of measurement accuracy which would otherwise
result from the fluctuation of the reference position for the reading of the diffraction grating does not occur
in principle and further, by constructing the apparatus so that the azimuths of travel (the directions of
emergence) of the diffracted lights to be superposed one upon the other which emerge from the second
position (M2) may be kept constant, the interference fringe pattern formed by the two diffracted lights is not
disturbed. Accordingly, the reading of the diffraction grating can be effected stably.

Also, in the embodiment of Figure 2, the optical paths of the *1st-order diffracted lights (R1+ and R2-)
between the polarizing beam splitter surfaces 41 and 42 are made substantially common to each other and
therefore, even though a construction is adopted in which the light beams R1 and R2 are drawn around over
a long optical path leading from the point M1 to the point M2, the fluctuation of the difference in the length
of the optical path between the light beams attributable to a change in the ambient temperature or the like
is small. Thus, only signals accurately conforming to the rotation of the rotary disk plate 5 are output from
the light receiving elements S1 and S2 without being affected by a temperature change or the like. Also, in
the present embodiment, the optical system is preset so that the lengths of the optical paths of the light
beams R1 and R2 mutually forming an interference light may be equal to each other.

In the foregoing description of the embodiments, the +1st-order and the -1st-order are used as the
order numbers of the diffracted light, but in the present invention, as shown in Figures 12A and 12B, the
signs = are such that the sign in which the direction of movement of the diffraction grating 5 and the
direction in which the azimuth of travel of the light beam is deviated coincide with each other is + and the
opposite case is -. Incidentally, Figure 12A schematically represents the states of the incident light and the
diffracted light in the example of the prior art shown in Figure 13, and Figure 12B represents the states of
the incident light (R2) and the diffracted light in the first embodiment of Figure 1. As is apparent from the
comparison between these two figures, in the example of the prior art, use is made of the *1st-order
diffracted lights emerging toward an optical path entirely deviating from the optical path of the incident light,
whereas in the present invention, use is made of the -1st-order diffracted light emerging toward an optical
path substantially identical to (or near) the optical path of the incident light. The adoption of such a form
gives birth to the aforedescribed effect. The order number 1 of the diffracted light used in the encoder of
each of the above-described embodiments is an example to the last, and of course, 2nd-order or greater
order may also be used. Also, if 2nd-order or greater order diffracted lights are used in each of the above-
described embodiments, detection of displacement in which the resolving power is further enhanced will
become possible. This also applies to the other embodiments which will be described later.

In the above-described embodiments, reflected diffracted lights are used as the diffracted lights for
forming an interference light. Accordingly, a diffraction grating of high reflectance is useful as the diffraction
grating. The diffraction grating used in each of the above-described embodiments is a so-called amplitude
type diffraction grating in which light reflecting portions formed of chromium or like material are periodically
arranged on a glass substrate, but alternatively, use may be made of a so-called phase type diffraction
grating in which periodical grooves are formed on glass or plastic and metallic reflecting film of Al or like
material is formed on the uneven portion. Such phase type diffraction grating is excellent in mass
productivity and can enhance the diffraction efficiency of x1st-order diffracted lights and therefore, it is
suitable for the encoder of the present invention.

Figures 8 and 9 show a modified form in which the optical path of the optical system in the
embodiment of Figures 1 and 2 is partly changed.

In Figure 8, the angles of incidence of light beams R1 and R2 incident on the diffraction grating 5 are
slightly changed from those in the case of Figure 1 and forward optical paths (L1, L2) and backward optical
paths (L5, L6) are slightly deviated from each other, and the basic structure of this optical system is equal
fo that of the optical system of Figure 1. In Figure 1, the +1st-order reflected diffracted light of the light
beam R1 emerging from the point P1 and the regularly reflected light (the 0-order diffracted light) of the
light beam R2 fravel along the same optical path L1 and depending on the difference between the planes of
polarization thereof, only the +1st-order diffracted light of the light beam R1 ought to be selectively
reflected by the polarizing beam splitter 4, but depending on the incompleteness of optical parts, the
regularly reflected light of the light beam R2 is also slightly reflected by the polarizing beam splitter 4 and
is directed to the light receiving elements S1 and S2, and becomes ghost light (noise). Also, if the regularly
reflected light (the O-order diffracted light) of the light beam R1 is even slightly transmitted through the
polarizing beam splitter 4 via the optical path L2 of the -1st-order reflected diffracted light, it will likewise
become ghost light. So, if the optical paths are set as shown by L1, L2, L5 and L6 in Figure 8, the optical
path of the above-mentioned ghost light and the optical path of a desired diffracted light forming an
interference light will deviate from each other and therefore, the incidence of the ghost light onto the light
receiving elements S1 and S2 can be avoided.
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In Figure 9, the angles of incidence of light beams R1 and R2 incident on the rotary disk plate 5 are
slightly changed from those in the case of Figure 2 and forward optical paths (L1, L2, L3, L4) and backward
optical paths (L5, L6, L7, L8) are slightly deviated from one another and basically, use can be made of the
entirely same optical parts as those in the encoder of Figure 2. In Figure 2, the + 1st-order diffracted light
(R1+) of the light beam R1 emerging from the point M1 and the regularly reflected light (the O-order
diffracted light) of the light beam R2 travel along the same optical path L1 and depending on the difference
between the planes of polarization thereof, only the +1st-order diffracted light (R1 +) of the light beam R1
ought to be reflected by the polarizing beam splitter surface 41, but depending on the incompleteness of
optical parts, part of the regularly reflected light of the light beam R2 is also reflected by the polarizing
beam splitter surface 41 and is transmitted and therefore, ghost light (noise) may be created in some cases
as described above. This also holds true of the regularly reflected light (the O-order diffracted light) of the
light beam R1, the regularly reflected light (the 0-order rediffracted light) of the light beam (R1+) emerging
from the point M2, and the regularly reflected light (the 0-order rediffracted light) of the light beam (R2-).
However, if the optical paths are set as shown by L1, L2, L5, L6, L3, L4, L7 and L8 in Figure 9, the optical
path of the above-mentioned ghost light will deviate from the optical path of the diffracted light forming an
interference light and therefore, the incidence of the ghost light onto the light receiving elements S1 and S2
can be avoided. and the reference numerals 10 and 11 designate polarizing plates whose azimuths of
polarization deviate by 45° from each other. The azimuth of the rectilinearly polarized light of the laser 1
forms an angle of 45° with respect to the azimuth of polarization of the polarizing beam splitter 41. A light
beam emitted from the laser 1 is collimated by the collimator lens 20, whereafter it is equally divided into a
transmitted light beam (P-polarized light) and a reflected light beam (S-polarized light) by the polarizing
beam splitter 41. The divided two light beams are incident on a position M1 on the radial diffraction grating
of the rotary scale 5 at an angle (an angle of diffraction) expressed by 6 of the following equation (1):

8 = sin”' \p (1)

where X\ is the oscillation wavelength of the laser 1, and p is the grating pitch of the diffraction grating of the
rotary scale 5 at the position M1. The planes of incidence of the two light beams incident on the position
M1 are planes parallel to the direction of grating arrangement (the tangential direction) of the diffraction
grating 2 at the position M1.

The tist-order transmitted diffracted lights by the above-described two light beams created at the
position M1 emerge from the rotary scale 5 in a direction perpendicular o the grating arrangement surface
of the diffraction grating. These t1st-order diffracted lights are reflected at right angles (in parallelism to the
grating arrangement surface) by a reflecting mirror 83, and is directed through lenses 101 and 102 to a
reflecting mirror 84 disposed at a position substantially symmetrical with respect to the axis of rotation 0 of
the rotary scale 5. This reflecting mirror 84 causes the +1st-order diffracted lights to be again incident on a
position M2 on the diffraction grating of the rotary scale 5 perpendicularly from the same direction. At the
position M2, the *1st-order diffracted lights emerge again therefrom at the angle 6 of the equation (1).
These *1st-order rediffracted lights are reflected by reflecting mirrors 85 and 86, whereafter they enter the
polarizing beam splitter 42 and overlap with each other, and pass through the quarter wavelength plate 7,
whereafter the overlapping light is divided into two light beams by the beam splitter 9, and these light
beams enter the light receiving elements S1 and S2 through the polarizing plates 10 and 11. Thus, a sine
wave signal resulting from the interference between the t1st-order rediffracted lights is obtained from the
light receiving elements S1 and S2.

The optical paths of the *1st-order diffracted lights will now be described with reference to the
developed view of the optical paths of Figure 10B. In Figure 10B, a 1st-order diffracted light resulting from a
fransmitted light beam (a light beam indicated by a solid line) transmitted through the polarizing beam
splitter 41 being incident on the position M1 on the diffraction grating and emerging in a perpendicular
direction from the grating arrangement surface of the diffraction grating is defined as + 1st-order diffracted
light, and a 1st-order diffracted light resulting from a reflected light beam (a light beam indicated by a
broken line) reflected by the polarizing beam splitter 41 being incident on the position M1 and emerging in
a perpendicular direction from the grating arrangement surface of the diffraction grating is defined as -1st-
order diffracted light. The t1st-order diffracted lights created at the position M1 overlap with each other, and
from the position M1 to a position M2, the z1st-order diffracted lights follows a common optical path by an
optical system comprising reflecting mirrors 83 and 84 and lenses 101 and 102. At the position M2, *1st-
order diffracted lights are again created for these *1st-order diffracted lights, respectively, and by the action
of the polarizing beam splitter 42, only the light beams indicated by a solid line and a broken line in Figure
10B enter the light receiving elements S1 and S2. That is, when the + 1st-order diffracted light (the light
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beam +, p indicated by a solid line) of the p-polarized light from the position M1 is incident on the position
M2, +1st-order diffracted lights are again created, and the + 1st-order diffracted light (the light beam + +
indicated by a solid line) of them is reflected by the reflecting mirror 85, is transmitted through the
polarizing beam splitter 42 and enters the light receiving elements S1 and S2. However, the -1st-order
diffracted light (not shown) is reflected by the reflecting mirror 86 and is transmitted through the polarizing
beam splitter 42 and therefore does not enter the light receiving elements S1 and S2. On the other hand, of
the *1st-order diffracted lights created by the -1st-order diffracted light (the light beam -, s indicated by a
broken line) of the s-polarized light from the position M1 being incident on the position M2, the -1st-order
diffracted light (the light beam -- indicated by a broken line) is reflected by the reflecting mirror 86, is
reflected by the polarizing beam splitter 42 and enters the light receiving elements S1 and S2. However, the
+ 1st-order diffracted light (not shown) is reflected by the reflecting mirror 85 and is thereafter reflected by
the polarizing beam splitter 42 and therefore, does not enter the light receiving elements S1 and S2. Thus,
the light (the light beam indicated by a solid line) subjected twice to + 1st-order diffraction and the light (the
light beam indicated by a broken line) subjected twice to 1st-order diffraction overlap with each other and
emerge from the polarizing beam splitter 42, and becomes two interference lights through the quarter
wavelength plate 7, the beam splitter 9 and the polarizing plates 10 and 11, and these interference lights
enter the light receiving elements S1 and S2, respectively. From the light receiving elements S1 and S2, a
sine wave signal corresponding to 4N periods is obtained per one full rotation of the rotary scale 5, as in the
example of the prior art shown in Figure 16. Also, the light beam emerging from the polarizing beam splitter
42 passes through the quarter wavelength plate 7 and becomes a rectilinearly polarized light whose azimuth
of polarization rotates with the rotation of the rotary scale 5, as in the previously described embodiments,
but since the azimuths of polarization of the polarizing plates 10 and 11 are deviated by 45° from each
other, there are obtained signals which are 90° out of phase with each other from the light receiving
elements S1 and S2.

In the embodiment of Figure 10, the optical paths of the £1st-order diffracted lights which lead from the
position M1 to the position M2 on the diffraction grating of the rotary scale 5 are a common optical path,
and it is difficult for a measurement error to occur for any environmental change such as any change in the
ambient temperature. Also, assembly and adjustment are easy because said optical path is not a
complicated optical path as shown in the example of the prior art of Figure 16 wherein the diffracted lights
are made to intersect each other. Also, the lenses 101 and 102 disposed in the common optical path are
set so as to render the positions M1 and M2 conjugate with each other, and an effect similar to that of the
previously described embodiment can be obtained.

Figure 11 is a schematic view of still another embodiment of the present invention.

In Figure 11, the reference numeral 1 designates a semiconductor laser, and the reference numeral 20
denotes a collimator lens for collimating the light beam from the laser 1. The reference character 30a (30b)
designates a polarizing beam splitter which reflects S-polarized light of the incident light beam and
fransmits P-polarized light therethrough. The reference characters 40a (40b) and 50a (50b) denote mirrors,
and the reference numeral 5 designates a rotary scale on which a radial diffraction grating is formed.

The mirrors 40a (40b) and 50a (50b) are adapted so that the two light beams from the polarizing beam
splitter 30a (30b) may be incident on the diffraction grating at angles corresponding to the angles of
diffraction of diffraction order numbers of different signs, e.g. the angles of diffraction of +1st and -1st
diffraction order numbers. The reference character 70a (70b) designates polarizing converter means
comprising a quarter wavelength plate. The reference character 80a (80b) denotes reflecting means
comprising, for example, a mirror or an optical member having reflecting film applied to the end surface of
an index gradient lens of the end surface imaging type.

In the present embodiment, there are provided two detecting units 100a (100b) having elements
corresponding to the reference characters 30a (30b), 40a (40b), 50a (50b), 70a (70b) and 80a (80b).

Description will now be made of the detecting operation of the rotary encoder according to the present
embodiment.

The laser beam from the laser 1 is collimated by the collimator lens 20, and is divided into two light
beams, i.e., P-polarized light and S-polarized light, by the polarizing beam splitter 30a. Of these light
beams, the S-polarized light reflected by the polarizing beam splitter 30a is reflected by the mirror 40a, and
is incident on a position M1 on the diffraction grating surface of the rotary scale 5 at an angle
corresponding to the angle of the 1st-order diffraction.

On the other hand, the P-polarized light transmitted through the polarizing beam splitter 30a is reflected
by the mirror 50a, and is incident on the position M1 on the diffraction grating surface of the rotary scale 5
at an angle corresponding to the angle of -1st-order diffraction.
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The S-polarized light subjected to the 1st-order diffraction by the diffraction grating is transmitted and
emerges substantially perpendicularly from the grating arrangement surface, and passes through the
quarter wavelength plate 70a as the polarizing converter means and becomes a circularly polarized light,
and is reflected by the reflecting means 80a and becomes a circularly polarized light whose direction of
polarization has been reversed, and returns to the original optical path. It again passes through the quarter
wavelength plate 70a, and is again incident as P-polarized light on the position M1 on the diffraction grating.
The 1st-order P-polarized light rediffracted by the diffraction grating is reflected by the mirror 40a, and
passes through the polarizing beam splitter 30a.

On the other hand, the P-polarized light subjected to the -1st-order diffraction by the diffraction grating
is tfransmitted and emerges substantially perpendicularly from the grating arrangement surface, and passes
through the quarter wavelength plate 70a and becomes a circularly polarized light, and is reflected by the
reflecting means 80a and becomes a circularly polarized light whose direction of polarization has been
reversed, and returns to the original optical path.

It again passes through the quarter wavelength plate 70a, and is again incident as an S-polarized light
beam on the position M1 on the diffraction grating. The -1st-order S-polarized light rediffracted by the
diffraction grating is reflected by the mirror 50a, and is reflected by the polarizing beam splitter 30a.

Thereby, the P-polarized light beam and the S-polarized light beam are caused to overlap with each
other by the polarizing beam splitter 30a and is taken out, and these two light beams are directed to a
mirror 109. The two light beams directed to the mirror 109 have their planes of polarization overlapped with
each other orthogonally to each other, and these two light beams reflected by the mirror 109 are reflected
by a mirror 110 through lenses 101 and 102, whereafter they are directed to a detecting unit 100b of a
construction similar to that previously described. The two light beams are subjected twice to 1st-order
diffraction at a position M2 on the diffraction grating in the same manner as by the detecting unit 100a,
whereafter they are taken out and are directed to the quarter wavelength plate 7.

The two light beams at this time have their planes of polarization overlapped with each other
orthogonally to each other. The phase difference & between these light beams is the phase difference
between a light beam subjected four times to + 1st-order diffraction and a light beam subjected four times
to -1st-order diffraction and therefore, it is

2Tx 2mx
§ =—% x4 - (-—p x4
_lémx
= =5 -

That is, when x = 1P (P being the grating pitch), the phase difference between the two light beams is 16x.

The combined wave of the two light beams passed through the quarter wavelength plate 7 becomes a
rectilinearly polarized light beam, and the azimuth of polarization thereof makes one-half rotation while the
phase difference between the two light beams deviates by 27 and therefore, the light beam passed through
the beam splitter 9 and through the polarizing plate 10 causes a variation in the light and shade of one
period in the meantime, and is oufput is an electrical signal of one period from the light receiving element
S1.

On the other hand, as regards the light beam reflected by the beam splitter 9, the phase of the periodic
variation in the light and shade of the light beam passed through the polarizing plate 11 deviates by 90°
because the polarizing plate 11 is disposed with the azimuth of the plane of polarization thereof deviated by
45° relative to the polarizing plate 10. Therefore, the phase of the periodic signal output from the light
receiving element S2 always deviates by 90° as compared with the phase of the periodic signal output
from the light receiving element S1.

Assuming that the total number of the gratings of the diffraction grating on the rotary scale is N, the
variation in the phase difference § between the two light beams while the scale 5 makes one full rotation is
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and by substituting x = NP therefor,
5 =167 N.

Thus, a periodic signal of 167 N/2 # = 8N periods (a sine wave signal) is obtained from two light receiving
elements 15 and 16.

In the present embodiment, the lenses 101 and 102 are provided in the common optical path of *1st-
order diffracted lights (the optical path leading from the polarizing beam splitter 30a to the polarizing beam
splitter 30b) so as to render the positions M1

The diffraction grating used in the encoder of the present invention may be not only the well-known
amplitude type diffraction grating, but also a relief type diffraction grating or a phase type diffraction grating
such as hologram. As regards the light source, the use of a semiconductor laser such as the above-
described laser diode is suitable for making the apparatus compact. The semiconductor laser may be
selected from among various types such as the single mode type and the multimode type. Of course, the
light source is not limited to a semiconductor laser, but may be any other laser source than a semiconduc-
tor laser, or an SLD (high luminance infrared light emitting element) having an intermediate nature between
a semiconductor laser and a light-emitting diode.

Figure 10 shows an example of the use of the above-described encoder, and is a system construction
diagram of a driving system using the encoder. The encoder 201 is connected to the driving output portion
of driving means 200 having a drive source such as a motor, an actuator or an internal combustion engine,
or to a moving unit for a driven body, and detects the driven states such as the amount of rotation and the
speed of rotation or the amount of movement and the speed of movement. The detection output of the
encoder 201 is fed back to control means 202, in which a driving signal is fransmitted to the driving means
200 so that the state set by setting means 203 may be assumed. By constructing such a feedback system,
the driving state set by the setting means 203 can be kept without being affected by disturbance. Such a
driving system can be widely applied, for example, to a machine fool, a manufacturing machine, a
measuring instrument, a recording instrument, a photographing instrument and further, any ordinary
apparatus having driving means.

Figure 11 shows a specific example in which the above-described driving system is applied to a hard
magnetic disk apparatus. The reference numeral 113 designates a magnetic disk surface. The rotary disk
plate of the encoder is connected to the rotary shaft (not shown) of a motor 114 for oscillating a writing
head 112 for writing a track signal into the magnetic disk surface 113, and the reading head 111 of the
encoder is placed over it. The reference numeral 115 denotes an air bearing. Members corresponding to
the setting means 203 and control means 202 in Figure 105 are not shown. By control means, not shown, a
driving command is given to the motor 114 which is driving means so that the motor may assume the
movement set by setting means, not shown, on the basis of the written-in signal, whereby the writing head
112 is moved. This moved state is detected by an encoder 111, the output of which is fed back to the
control means.

As has been described above, the angles of incidence of two light beams incident on the diffraction
grating are set appropriately and desired diffracted lights are substantially returned to the original optical
paths (the optical paths during the incidence), whereby diffracted lights for forming an interference light can
be easily taken out even if the grating pitch of the diffraction grating is of the order of the wave-length of the
light. Accordingly, there is realized an encoder of high accuracy and high resolving power. Further, the
optical part for directing the lights to the diffraction grating and the optical part for taking out desired
diffracted lights created from the diffraction grating can be used in common, and this leads to the effect that
the reading optical system of the diffraction grating can be made very simple and compact.

Furthermore, even if the azimuth of fravel of each diffracted light emerging from the first point on the
diffraction grating is more or less fluctuated by the deviation or the inclination of the mounted position of the
scale plate, the second position on the diffraction grating on which each diffracted light is again incident
does not fluctuate and therefore, the deterioration of measurement accuracy which would otherwise result
from the fluctuation of the reference position for the reading of the grating does not occur in principle. Also,
since the diffracted lights have a substantially common optical path, measurement accuracy is not
deteriorated by the fluctuation or the like of the ambient temperature. Further, by the apparatus being
constructed so that the azimuths of fravel (the directions of emergence) of the diffracted lights to be
superposed one upon the other which emerge from the second position may be kept constant, the
interference fringe pattern formed by two diffracted lights is not disturbed. Accordingly, there can be
provided a rotary encoder of high resolving power and high accuracy which can stably effect the reading of
the interference signal. Also, there can be easily realized a rotary encoder of the "incorporated type"
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because it is relatively free from influence for the mounting error of the rotary disk plate and because the
rotary disk plate and the light projecting and receiving optical system (the reading optical unit) can be
separated from each other.

A light beam is caused to be incident on a first position on a scale at such an angle that diffracted lights
substantially coincide with an incident optical path, and two created diffracted lights are directed by a
substantially common optical path and are caused to be incident on a second position symmetrical with the
first position. An interference light formed by rediffracted lights created from the second position is detected
to thereby detect the displaced state of the scale.

Claims

1. An encoder comprising

light beam incidence means (1, 2, 31, 41, 63) for emitting a light beam (R1, R2) and directing it fo
a first position (M1) on a scale (5) to be diffracted, with the scale (5) having a reflecting type diffraction
grating formed along a direction of movement,

optical means (3; 12, 13; 31, 32, 33; 41, 42; 61, 62; 63, 64, 65, 66) for directing first and second
diffracted lights (R1+, R2-) reflected from said first position (M1) and causing the first and second
diffracted lights (R1 +, R2-) to be incident on a second position (M2) on the scale (5) to be rediffracted
(R1+ +, R2--), said second position (M2) being a position substantially point-symmetrical with said first
position (M1) with respect to an axis of movement of the scale (5),

light detecting means (S1, S2) for detecting an interference light formed by rediffracted lights
reflected from said second position (M2) and outputting a signal, and

detecting means for detecting a state of displacement of the scale (5) on the basis of the output
signal of said light detecting means (S1, S2)
characterized in that
said first and second diffracted lights (R1+, R2-, R1 + +, R2--) are directed by said optical means (3;
12, 13; 31, 32, 33; 41, 42; 61, 62; 63, 64, 65, 66) along a substantially common optical path and said
optical means (3; 12, 13; 31, 32, 33; 41, 42; 61, 62; 63, 64, 65, 66) includes an optical system (12, 13;
61, 62; 64, 65) which allows said first position (M1) and said second position (M2) to be optically
conjugate to each other with respect to said optical system (12, 13; 61, 62; 64, 65), wherein
said optical means (3; 12, 13; 31, 32, 33; 41, 42; 61, 62; 63, 64, 65, 66) is arranged such that an
angular deviation (A®,, A8y, 65-01, Bs-62) of the emergence angle (81 ,02) of the diffracted light
(R1+, R2-) emerging from the first position (M1) is equal to that (A®,, A®,, 67-83, ©3-04) of the
incidence angle (87, 8s) of the diffracted light (R1+, R2-) incident on the second position (M2), the
angular deviations (A8y, A8y, B5-61, 8-02, 67-83, B3-64) being caused by an inclination of the scale
(5) or the wavelength fluctuation of the light beam.

2. An encoder according to claim 1,
characterized in that
in the optical path from said first position (M1) to said second position (M2) a third position (M3) is
provided, which is optically conjugate to said first position (M1).

3. An encoder according to any of claims 1 or 2,
characterized in that
said optical system (12, 13; 61, 62; 64, 65) comprises a plurality of optical members (12, 13) having a
lens function.

4. An encoder according to any of claims 1 to 3,
characterized in that
said light beam incidence means (1, 2, 31, 41, 63) comprise a light source (1), a beam splitter (4; 41)
for dividing said light beam emitted from said light source (1) into a first light beam (R1) and a second
light beam (R2), wherein said first and second light beams (R1, R2) are directed via reflecting mirrors
(61, 62; 63) along first and second light paths (L1, L2), respectively to said first position (M1),
said first light beam (R1) is diffracted and emerges from said first position (M1) along a substantially
common path (L1, L5) fo said first light path (L1),
said second light beam (R2) is diffracted and emerges from said first position (M1) along a substantially
common path (L2, L6) fo said second light path (L2),
said first and second diffracted light beams (R1+, R2-) are directed via reflecting mirrors (61, 62; 66)
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along third and fourth light paths (L3, L4, L7, L8), respectively, to said second position (M2),

said first diffracted light beam (R1 +) is rediffracted and emerges from said second position (M2) along
a substantially common path (L3, L7) to said third light path (L3, L7) and

said second diffracted light beam (R2-) is rediffracted and emerges from said second position (M2)
along a substantially common path (L4, L8) to said fourth light path (L4, L8).

5. An encoder according to any of claims 1 to 4
characterized in that
said scale (B) is a rotary scale having said diffration grating formed along a direction of rotation and
said first and second positions (M1, M2) are substantially point-symmetrical with respect to the center
of rotation.
Patentanspriiche
1. Kodierer mit
einer Lichtstrahlenblindel erzeugenden und ablenkenden Vorrichtung (1, 2, 31, 41, 63), die ein
Lichtstrahlenbiindel (R1, R2) emittiert und zu einer ersten Position (M1) auf einer Skala (5) lenkt, damit
es gebeugt wird, wobei die Skala (5) ein entlang einer Bewegungsrichtung gebildetes Reflexions-
Beugungsgitter aufweist,
optischen Vorrichtungen (3; 12, 13; 31, 32, 33; 41, 42; 61, 62; 63, 64, 65, 66), die an der ersten
Position (M1) reflektierte, erste und zweite gebeugte Lichtstrahlen (R1+, R2-) lenken und die ersten
und zweiten gebeugten Lichtstrahlen (R1+, R2-) an einer zweiten Position (M2) auf die Skala (5)
auftreffen lassen, damit sie wieder gebeugt werden (R1 + +, R2--), wobei die zweite Position (M2) eine
Position ist, die in bezug auf eine Bewegungsachse der Skala (5) im wesentlichen punktsymmetrisch zu
der ersten Position (M1) ist,
einer Licht erfassenden Vorrichtung (S1, S2), die Interferenzlicht erfaBt, das mittels der an der
zweiten Position (M2) reflektierten, wieder gebeugten Lichtstrahlen gebildet wird, und ein Signal
ausgibt, und
einer Erfassungsvorrichtung, die auf der Grundlage des Ausgangssignals der Licht erfassenden
Vorrichtung (S1, S2) einen Verschiebungszustand der Skala (5) erfaBt
dadurch gekennzeichnet, daB
die ersten und zweiten gebeugten Lichtstrahlen (R1+, R2-, R1+ +, R2--) mittels der optischen
Vorrichtungen (3; 12, 13; 31, 32, 33; 41, 42; 61, 62; 63, 64, 65, 66) entlang eines im wesentlichen
gemeinsamen optischen Weges geflihrt werden und die optischen Vorrichtungen (3; 12, 13; 31, 32, 33;
41, 42; 61, 62; 63, 64, 65, 66) ein optisches System (12, 13; 61, 62; 64, 65) enthalten, das es
ermdglicht, daB die erste Position (M1) und die zweite Position (M2) in bezug auf das optische System
(12, 13; 61, 62; 64, 65) optisch konjugiert sind, wobei
die optischen Vorrichtungen (3; 12, 13; 31, 32, 33; 41, 42; 61, 62; 63, 64, 65, 66) so angeordnet sind,
daB eine Winkelabweichung (A8, A8y, 85-01, 86-02) des Austrittswinkels (61, ©2) des von der ersten
Position (M1) ausgehenden, gebeugten Lichts (R1+, R2-) gleich der (A8, A8y, 67-03, Bs-64) des
Einfallswinkels (87, 8s) des an der zweiten Position (M2) auftreffenden gebeugten Lichts (R1 +, R2-) ist,
wobei die Winkelabweichungen (A8, AB,, 85-61, 86-02, 67-03, 83-064) durch eine Neigung der Skala
(5) oder die Schwankung der Wellenldnge des Lichtstrahlenbilindels verursacht sind.
2. Kodierer nach Anspruch 1
dadurch gekennzeichnet, daB
in dem optischen Weg von der ersten Position (M1) zu der zweiten Position (M2) eine dritte Position
(M3) vorgesehen ist, die zu der ersten Position (M1) optisch konjugiert ist.
3. Kodierer nach Anspruch 1 oder 2
dadurch gekennzeichnet, daB
das optische System (12, 13; 61, 62; 64, 65) eine Vielzahl von optischen Bauteilen (12, 13) aufweist, die
Linsenfunktion haben.
4. Kodierer nach einem der Anspriiche 1 bis 3

dadurch gekennzeichnet, daB
die Lichtstrahlenbiindel aussendende Vorrichtung (1, 2, 31, 41, 63) eine Lichtquelle (1) und einen
Strahlenteiler (4; 41) aufweist, der das von der Lichtquelle (1) emittierte Lichtstrahlenblindel in ein
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erstes Lichtstrahlenblindel (R1) und ein zweites Lichtstrahlenbiindel (R2) aufteilt, wobei das erste bzw.
zweite Lichtstrahlenblindel (R1, R2) Uber reflektierende Spiegel (61, 62; 63) entlang eines ersten bzw.
zweiten Lichtweges (L1, L2) zu der ersten Position (M1) gelenkt wird,

das erste Lichtstrahlenblindel (R1) gebeugt wird und entlang eines im wesentlichen mit dem ersten
Lichtweg (L1) gemeinsamen Weges (L1, L5) von der ersten Position (M1) ausgeht,

das zweite Lichtstrahlenblindel (R2) gebeugt wird und entlang eines im wesentlichen mit dem zweiten
Lichtweg (L2) gemeinsamen Weges (L2, L6) von der ersten Position (M1) ausgeht,

das erste bzw. zweite gebeugte Lichtstrahlenblindel (R1+, R2-) Uber reflektierende Spiegel (61, 62;
66) entlang eines dritten bzw. vierten Lichtweges (L3, L4, L7, L8) zu der zweiten Position (M2) gelenkt
wird, das erste gebeugte Lichtstrahlenblindel (R1+) wieder gebeugt wird und entlang eines im
wesentlichen mit dem dritten Lichtweg (L3, L7) gemeinsamen Lichtweges (L3, L7) von der zweiten
Position (M2) ausgeht und

das zweite gebeugte Lichtstrahlenblindel (R2-) wieder gebeugt wird und entlang eines im wesentlichen
mit dem vierten Lichtweg (L4, L8) gemeinsamen Lichtweges (L4, L8) von der zweiten Position (M2)
ausgeht.

Kodierer nach einem der Ansprliche 1 bis 4

dadurch gekennzeichnet, daB
die Skala (5) eine drehbare Skala ist, bei der das Beugungsgitter entlang einer Drehrichtung gebildet
ist, und
die erste und die zweite Position (M1, M2) im wesentlichen punkisymmetrisch in bezug auf das
Drehzentrum sind.

Revendications

Un codeur comprenant

des moyens d'incidence de faisceaux lumineux (1, 2, 31, 41, 63) destinés a4 émetire un faisceau
lumineux (R1, R2) et & le diriger jusqu'a une premiére position (M1) sur une graduation (5) d'ol il sera
diffracté, la graduation (5) ayant un réseau de diffraction de type réfléchissant formé le long d'une
direction de déplacement,

des moyens optiques (3 ; 12, 13 ; 31, 32, 33 ; 41, 42 ; 61, 62 ; 63, 64, 65, 66) destinés & diriger des
premier et deuxiéme rayons diffractés (R1+, R2-) réfléchis & partir de la premiére position (M1) et
provoquant une incidence des premier et deuxiéeme rayons diffractés (R1+, R2-) sur une deuxiéme
position (M2) sur la graduation (5) d'ol ils seront & nouveau diffractés (R1+ +, R2--), ladite deuxiéme
position (M2) étant une position en un point sensiblement symétrique ponctuelle avec la premiére
position (M1) par rapport & un axe de déplacement de la graduation (5),

des moyens de détection de rayons (S1, S2) destinés & détecter un rayon d'interférence formé par des
rayons rediffractés réfléchis a partir de la deuxieéme position (M2), et & émetire un signal,

des moyens de détection destinés & détecter un état de déplacement de la graduation (5) en fonction
du signal de sortie des moyens de détection de rayons (S1, S2)

caractérisé en ce que

les premier et deuxiéme rayons diffractés (R1+, R2-, R1+ +, R2--) sont dirigés par les moyens
optiques (3 ; 12, 13 ; 31, 32, 33 ; 41, 42 ; 61, 62 ; 63, 64, 65, 66) le long d'un parcours optique
sensiblement commun, et les moyens optiques (3 ; 12, 13 ; 31, 32, 33 ; 41, 42 ; 61, 62 ; 63, 64, 65, 66)
comportent un systéme optique (12, 13 ; 61, 62 ; 64, 65) qui permet & la premiére position optique
(M1) et & la deuxieme position optique (M2) d'étre optiquement conjuguées I'une A l'autre par rapport
au systéme optique (12, 13 ; 61, 62 ; 64, 65), oll les moyens optiques (3 ; 12, 13 ; 31, 32, 33 ; 41, 42 ;
61, 62 ; 63, 64, 65, 66) sont disposés de telle sorte qu'une déviation angulaire (Ady, Aby, 85-61, B-62)
de I'angle d'émergence (81, 62) du rayon diffracté (R1+, R2-) émergeant de la premiére position (M1)
est égale 2 celle (A6y, A8y, 97-83, 8s-64) de I'angle d'incidence (67, 6s) du rayon diffracté (R1+, R2-)
incident sur la deuxiéeme position (M2), les déviations angulaires (A6y, Afy, 65-61, 8c-62, 07-63, 03-04)
étant provoquées par une inclinaison de la graduation (5) ou par une fluctuation de la longueur d'onde
du faisceau lumineux.

Un codeur selon la revendication 1, caractérisé en ce que, sur le parcours optique de la premiére

position (M1) a la deuxiéme position (M2), il est prévu une troisieme position (M3) qui est optiquement
conjugué A la premiére position (M1).
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Un codeur selon la revendication 1 ou la revendication 2, caractérisé en ce que le sysiéme optique (12,
13 ; 61, 62 ; 64, 65) comporte une pluralité d'élémentis optiques (12, 13) ayant une fonction de lentille.

Un codeur selon l'une quelconque des revendication 1 & 3, caractérisé en ce que les moyens
d'incidence de faisceaux lumineux (1, 2, 31, 41, 63) comportent une source lumineuse (1), un dispositif
de fractionnement de faisceaux (4 ; 41) destiné A fractionner le faisceau lumineux émis par la source
lumineuse (1) en un premier faisceau lumineux (R1) et un deuxiéme faisceau lumineux (R2), ol les
premier et deuxieme faisceaux lumineux (R1, R2) sont dirigés par des miroirs réflechissants (61, 62 ;
63) le long des premier et deuxi€éme parcours lumineux (L1, L2) respectivement vers la premiére
position (M1),

le premier faisceau lumineux (R1) est diffracté et émerge de la premiére position (M1) le long d'un
parcours sensiblement commun (L1, L5) au premier parcours lumineux (L1),

le deuxieéme faisceau lumineux (R2) est diffracté et émerge de la premiére position (M1) le long d'un
parcours lumineux (L2, L6) sensiblement commun au deuxiéme parcours lumineux (L2),

les premier et deuxieme faisceaux lumineux diffractés (R1+, R2-) sont dirigés, par des miroirs
réflechissants (61, 62 ; 66), le long de troisieme et quairiéme parcours lumineux (L3, L4, L7, L8),
respectivement, vers la deuxiéme position (M2),

le premier faisceau lumineux diffracté (R1+) est rediffracté et émerge de la deuxi€éme position (M2) le
long d'un parcours (L3, L7) sensiblement commun au troisieme parcours lumineux (L3, L7), et

le deuxieme faisceau lumineux diffracté (R2-) est rediffracté et émerge de la deuxi€éme position (M2) le
long d'un parcours (L4, L8) sensiblement commun au troisieme parcours lumineux (L4, L8).

Un codeur selon I'une quelconque des revendications 1 & 4, caractérisé en ce que la graduation (5) est
une graduation rotative ayant le réseau de diffraction formé selon une direction de rotation, et

les premiére et deuxieme positions (M1, M2) sont sensiblement des points symétriques par rapport au
centre de rotation.
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FIG. 5A
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FIG. 6
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